Objective: In obese individuals, chronic low-grade inflammation resulting from adipocytemacrophage interactions is a major cause of adipose tissue dysfunction and metabolic disease. This study investigated the role of MAP kinase phosphatase-5 (MKP-5) in obesity-induced inflammation during macrophage and adipocyte interactions. Methods: High-fat diet-induced obese mice were used to explore the role of MKP-5 in obesity-induced adipose tissue inflammation. Macrophage polarization was determined by inflammatory cytokine expression in MKP-5-overexpressed or -silenced Raw264.7 cells exposed to palmitate (PA) or M1/M2 macrophage inducers. To uncover the role of MKP-5 during macrophage-adipocyte interactions, a coculture system composed of differentiated 3T3-L1 and Raw264.7 cells was employed. MAPK inhibitors were used to investigate the involvement of MAPK signaling. Results: Increased MKP-5 expression was observed in adipose stromal vascular cells (SVCs) of obese mice. In Raw264.7 cells, MKP-5 promoted the switching of M1 macrophages to an M2 phenotype. Notably, MKP-5 reduced inflammation during the interaction of macrophages and adipocytes. MKP-5 overexpression in primary SVCs attenuated the expression of inflammatory mediators and increased the number of obesity-induced adipose tissue macrophages. MKP-5 suppressed PA-induced inflammation through the inactivation of P38, JNK, and ERK MAPKs. Conclusions: MKP-5 promotes macrophages to switch from the M1 to the M2 phenotype and is an inflammatory inhibitor involved in obesity-induced adipose tissue inflammation and PA-triggered macrophage inflammation via the P38, JNK, and ERK MAPK pathways. MKP-5 may be developed into a potential therapeutic target for obesity-related diseases, including type 2 diabetes mellitus and insulin resistance. Macrophage-adipocyte crosstalk is a key contributor to obesity-triggered inflammatory response [29] . To explore the role of MKP-5 expression in macrophages during this process, macrophages were cocultured with adipocytes. A marked increase in IL-6 levels was observed upon coculture of these cells as compared to macrophages or adipocytes cultured alone (Fig. 5A, B) . A significant increase in TNF-α secretion was also detected in the coculture samples (Fig. 5B ). This effect was amplified upon PA exposure (Fig. 5A, B) . Importantly, expression and secretion of proinflammatory cytokines were markedly suppressed during adipocyte-Raw-MKP5 cell coculture relative to the levels observed upon adipocyte-Raw-PC cell coculture, and PA stimulation did not alter this phenomenon (Fig. 5A, B) . These results suggested that MKP-5 plays an anti-inflammatory role in the context of adipocyte-macrophage coculture. The mRNA and protein levels of the chemokine MCP-1 were also increased by adipocyte-macrophage coculture, and this was also inhibited upon MKP-5 overexpression in macrophages within this coculture system (Fig. 5A, B) , which further indicated that MKP-5 plays a role in blocking macrophage infiltration during obesity.
Introduction
Obesity is closely linked to serious conditions including elevated risks of insulin resistance (IR) and the closely related type 2 diabetes mellitus (T2DM) [1, 2] . Research during the previous decade has linked chronic low-grade inflammation particularly to obesity-related T2DM [3, 4] . In obese adipose tissue, hypertrophic/hyperplastic adipocytes secrete several proinflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), as well as chemokines such as monocyte chemoattractant protein-1 (MCP-1), which drive macrophage infiltration, ultimately resulting in an adipose inflammatory response and IR [5] [6] [7] . As obesity progresses, the macrophages which infiltrate the adipose tissue themselves ultimately become the major producers of these chemokines and proinflammatory cytokines [5] . Of the two primary macrophage subtypes, M1 macrophages, which are generally regarded as being inflammatory, are major drivers of inflammation and IR in this context, whereas M2 macrophages are instead able to secrete anti-inflammatory cytokines and thus can help maintain metabolic homeostasis in adipose tissue [8] . Obesity drives adipose tissue macrophages to switch their phenotype from M2 to M1 [9] [10] [11] . Thus, paracrine and autocrine adipocyte-macrophage interactions can exacerbate the adipose tissue inflammatory response and IR development. In addition, free fatty acids (FFAs) released via lipolysis in adipose tissue are commonly elevated in obese individuals, and they can aggravate adipose tissue disorders, enhance inflammatory responses, and induce peripheral IR [12, 13] . Inflammation is the primary driver of IR during obesity; however, the fundamental mechanism of obesity-related inflammation remains to be elucidated. Further identification of the signaling pathways that regulate adipocyte-macrophage interactions in adipose tissue is crucial, as it will provide novel insight that can help reduce obesity-related inflammation.
Mitogen-activated protein kinase phosphatases (MKPs) are enzymes which can specifically inactivate MAPKs by selectively dephosphorylating critical serine/threonine residues. MAPK proteins include P38, extracellular signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK). There is growing evidence that MAPK signaling cascades represent critical inflammatory pathways that are intimately connected with adipose tissue inflammation and IR [14] [15] [16] . The function of MAPKs depends on the regulation of specific protein kinases and phosphatases, but the specific mechanisms governing the negative regulation of MAPKs in obesity-related T2DM are not fully clarified.
MAP kinase phosphatase-5 (MKP-5) is a JNK/P38-specific phosphatase important for innate and adaptive immunity [17] . Zhang et al. [18] demonstrated that MKP-5 knockout mice presented with substantially altered T-cell proliferation. The role of MKP-5 in inflammation has also been established in several tissues. For example, vitamin D reduces IL-6 production by inhibiting P38 activation via MKP-5 in normal prostate cells [19] . In aging diabetic mesangial cells, MKP-5 attenuates JNK activation and relieves the inflammatory response [20] . Recently, MPK-5 has been found to regulate brown adipocyte differentiation [21] and inflammation in white adipose tissue (WAT) via the P38 pathway [18] , which indicates a potential role for MKP-5 in obesity-related metabolic disease. Hence, we assumed that MKP-5 suppressed the obesity-induced inflammatory response resulting from interactions between macrophages and adipocytes. The aim of our study was to elucidate whether MKP-5 affects macrophage-adipocyte interactions in response to obesity.
Methods

Reagents
High-glucose Dulbecco's modified Eagle's medium (DMEM) came from Corning (New York, NY, USA). Bovine serum was obtained from Gibco (California, USA), while Biological Industries (Kibbutz, Beit HaEmek, Israel) provided the fetal bovine serum (FBS). Recombinant mouse IL-4 and IFN-γ were obtained from Novus Biologicals (Centennial, CO, USA). The plasmids pHBAd-MCMV and pHBAd-BHGloxΔE1,3 Cre were from Hanbio Biotechnology (Shanghai, China), whereas pIRES2-EGFP-MKP-5 was purchased from Youbao Biotechnology (Guangzhou, China). TRIzol reagent, pcDNA3.1, Lipofectamine 2000, and RNAiMAX were obtained from Invitrogen (Carlsbad, CA, USA). The P38 inhibitor SB 203580 was from Calbiochem (San Diego, CA, USA). The JNK inhibitor SP 600125 and the ERK inhibitor U0126 were obtained from MedChemExpress (Monmouth Junction, NJ, USA).
LPS, insulin, dexamethasone, rosiglitazone, 3-isobutyl-1-methylxanthine, palmitate (PA), type I collagenase, fatty acid-free BSA, and ethyl alcohol (EtOH) were all from Sigma-Aldrich (St. Louis, MO, USA). Red blood cell lysate came from Beyotime (Shanghai, China). G418 was from Genview (Florida, USA). The PrimeScript RT reagent kit came from TaKaRa (Dalian, China). FastStart Universal SYBR Green Master (ROX) and protein inhibitor cocktail tablets were obtained from Roche (Basel, Switzerland). The Pierce TM BCA Protein Assay Kit was from Thermo Fisher Scientific (Waltham, MA, USA) and PVDF (polyvinylidene fluoride) membranes were from Millipore (Billerica, MA, USA). ECL luminescent liquid was purchased from Affinity (Ohio, USA). Cell Signaling Technologies (Danvers, MA, USA) was the source of antibodies to P38, phospho-P38 (pP38; T180/Y182), JNK, phospho-JNK (pJNK; T183/Y185), ERK1/2, and phospho-ERK1/2 (pERK1/2; T202/Y204). β-Actin and MKP-5 antibodies came from Abcam (Cambridge, UK). Anti-tubulin was from ABclonal Technology (Wuhan, China).
Animal Model and Primary Stromal Vascular Cell and Adipocyte Isolation
Male C57BL/6J mice (8 weeks old; Beijing Huafukang Bioscience, Beijing, China) were housed under standard conditions with free water access. The mice were fed either standard chow or a high-fat diet (HFD; 60% kcal from fat) for as many as 10 weeks, with weight being monitored once per week. They were fasted for 12 h prior to any procedure.
The mice were euthanized via CO 2 inhalation. Epididymal fat pad adipocytes and stromal vascular cells (SVCs) were isolated as in a previous study [22] . Briefly, white fat pads were collected, rinsed, minced, and digested using 1 mg/mL collagenase I at 37 ° C for 45 min under gentle agitation. These digested fat pads then underwent 380-μm mesh filtration, and cells were separated by centrifugation. Primary adipocytes were isolated by flotation, and they were used for the indicated downstream experiments. The stromal vascular fraction pellets were resuspended in red blood cell lysate and then underwent 106-μm mesh filtration. Isolated SVCs were either cultured with DMEM containing 10% FBS for further study or used immediately.
Cell Culture and Treatment
Murine Raw264.7 macrophages were purchased from the American Type Culture Collection (ATCC) and were cultured using DMEM containing 10% FBS at 37 ° C in a 5% CO 2 incubator. The pcDNA3.1-MKP5 plasmid or pcDNA3.1 empty plasmid was transfected into these cells using Lipofectamine 2000, and stable clones were isolated via selection in media containing G418 for 2-3 weeks. Briefly, the human MKP-5 coding sequence was obtained from the plasmid pIRES2-EGFP-MKP5 and inserted into pcDNA3.1 to produce the pcDNA3.1-MKP5 plasmid. Raw264.7 macrophages stably expressing MKP-5 were referred to as Raw-MKP5 cells, while control macrophages were referred to as Raw-PC cells.
Raw264.7 cells underwent treatment with 20 ng/mL recombinant mouse IFN-γ and 1 μg/mL LPS for 6 h for M1 polarization, while 20 ng/mL recombinant mouse IL-4 was used for 12 h to induce M2 polarization. SB 203580 (10 μM), SP 600125 (15 μM), or U0126 (5 μM), which inhibit P38, JNK, and ERK, respectively, were applied to Raw264.7 cells 1 h after transfection with siRNA followed by PA (500 μM) stimulation for 3 h. PA was dissolved in EtOH to obtain a 50-mM stock and diluted using DMEM containing 0.5% fatty acid-free BSA to 500 μM as a working solution.
Mouse 3T3-L1 preadipocytes came from the ATCC. For differentiation, preadipocytes were cultured using DMEM containing 10% bovine serum, 1 μM insulin, 1 μM dexamethasone, 100 nM rosiglitazone, and 0.5 mM isobutylmethylxanthine for 3 days, followed by 7 days in DMEM containing 10% FBS, 1 μM insulin, and 100 nM rosiglitazone. Mature 3T3-L1 adipocytes were used for coculture with macrophages.
Macrophage-Adipocyte Coculture A contact coculture system was used to perform adipocyte-macrophage coculture assays as previously reported [23] . Briefly, Raw-MKP5 or Raw-PC cells (1 × 10 5 cells/well for a 6-well plate) were seeded onto fully differentiated 3T3-L1 adipocytes for 24 h, followed by PA or EtOH stimulation for 9 h. The culture medium from this coculture system was then collected for measurement of inflammatory cytokine levels, and mRNA or protein was prepared. As a control, equal numbers of differentiated 3T3-L1 adipocytes and Raw-MKP5 or Raw-PC macrophages were also cultured individually, treated in the same manner, and mixed only after collection.
Conditional Culture of Macrophages
Differentiated 3T3-L1 adipocytes were treated using PA or EtOH for 12 h before collection of the adipocyte conditioned medium (CM). Raw-MKP5 or Raw-Pc macrophages were incubated in CM for 9 h and supernatants were harvested for ELISA.
Construction and Preparation of an MKP-5-Expressing Adenovirus
To construct an adenovirus expressing MKP-5, the human MKP-5 sequence was amplified by PCR using the plasmid pIRES2-EGFP-MKP5 as a template. MKP-5 was cloned into the shuttle plasmid pHBAd-MCMV and sequenced. The shuttle plasmid pHBAd-MCMV-MKP5 and the framework plasmid pHBAd-BHGloxΔE1,3 Cre were then cotransfected into 293A cells according to the manufacturer's instruction for virus production. Primary SVCs were seeded in 12-well plates at 60% confluency, and infected using an adenovirus expressing MKP-5 (Ad-MKP5) or green fluorescent protein (Ad-GFP) (1 × 10 9 plaque-forming units/mL) in DMEM with 10% FBS for 6 h, after which fresh DMEM containing 10% FBS was added. After 48 h, RNA or protein was prepared for further experiments.
Human 293A cells from the ATCC were cultured using DMEM containing 10% FBS and penicillin/streptomycin.
RNA Interference
Small interfering RNA (siRNA) oligoribonucleotides targeting MKP-5 (siMKP5; Stealth RNAi TM siRNA, Cat. #8927232) and nonsense scramble siRNA (siSC; Stealth RNAi TM siRNA Negative Control, Cat. #12935300) were synthesized by Thermo Fisher Scientific. These constructs (20 nM) were then transfected into Raw264.7 cells with Lipofectamine RNAiMAX. After 60 h, macrophages were starved for 6 h, pretreated with P38, JNK, or ERK inhibitor for 1 h, then treated with PA for 3 h, and then proteins were extracted for Western blotting.
RNA Preparation and Quantitative Real-Time PCR
Adherent cells were starved for 6-12 h prior to stimulation. Total RNA was extracted using TRIzol. Subsequently, cDNA was synthesized from 1 μg total RNA with the PrimeScript RT reagent based on provided directions. Quantitative real-time PCR was performed with the FastStart Universal SYBR Green Master (ROX) reagent in a StepOnePlus system (Applied Biosystems, Carlsbad, CA, USA). The 2 -ΔΔCt method was used to assess relative gene expression. The primers were as follows: − MKP-5: forward, 5′-TTAGACGACAGGGTAGTAGT-3′, and reverse, 5′-GCTGGATGAGGGCATATA-3′ − IL-6: forward, 5′-CCACTTCACAAGTCGGAGGCTTA-3′, and reverse, 5′-GCAAGTGCATCATCGTTGTTCATAC-3′ − IL-1β: forward, 5′-CCCTCCTGGCCAACGGCATG-3′, and reverse, 5′-TCGGGGCAGCCTTGTCCCTT-3′ − Il-12: forward, 5′-CTCCAAGCCAAAGTCCTTAGAG-3′, and reverse, 5′-AGGAGCTGTCATTAGGGACATC-3′ − MCP-1: forward, 5′-GGTCCCTGTCATGCTTCTGG-3′, and reverse, 5′-TTGGGATCATCTTGCTGGTG-3′ − TNF-α: forward, 5′-CCCTCCTGGCCAACGGCATG-3′, and reverse, 5′-TCGGGGCAGCCTTGTCCCTT-3′ − Arg-1: forward, 5′-CTCCAAGCCAAAGTCCTTAGAG-3′, and reverse 5′-AGGAGCTGTCATTAGGGACATC-3′ − IL-10: forward, 5′-AATTCCCTGGGTGAGAAGCTGA-3′, and reverse, 5′-CTCTTCACCTGCTCCACTGCC-3′ − TGM2: forward, 5′-AGGACATCAACCTGACCCTG-3′, and reverse, 5′-CTTGATTTCGGGATTCTCCA-3′ − Mgl-1: forward, 5′-TGAGAAAGGCTTTAAGAACTGGG-3′, and reverse, 5′-GACCACCTGTAGTGATGTGGG-3′ − 28S rRNA: forward, 5′-TTCACCAAGCGTTGGATTGTT-3′, and reverse, 5′-TGTCTGAACCTGCGGTTCCT-3′
ELISAs Supernatant IL-6, TNF-α, and MCP-1 levels were measured via DuoSet ELISA (R&D Systems, Minneapolis, MN, USA) based on provided directions. Briefly, microtiter plates were precoated with capture antibodies specific to mouse IL-6, TNF-α, or MCP-1 overnight. Following 1 h of blocking, cytokine standards and samples were incubated in these microtiter plates for 2 h. After washing away unbound substances, detection antibodies were added and incubated for 2 h. Streptavidin-HRP was then added for 20 min protected from light. Color development occurred following the addition of substrate solution (tetramethylbenzidine) and was proportional to the cytokine levels in the samples. Absorbance was assessed at 450 nm via Bio-Tek microplate reader (Bio-Tek, Winooski, VT, USA).
Immunoblotting
Tissues were homogenized and cells were scraped with lysis buffer (150 mM NaCl, 10 mM Tris pH 7.2, 5 mM EDTA, 0.1% SDS, 1% sodium deoxycholate, and 1% Triton X-100) containing protease inhibitors. The cell lysates were spun at 12,000 rpm at 4 ° C for 15 min, and supernatants were collected for the next experiments. A Pierce TM BCA Protein Assay Kit was used to measure protein concentrations, with BSA as a standard. After SDS-PAGE electrophoresis, proteins were transferred onto PVDF membranes. 5% nonfat milk in Tris-buffered saline with Tween 20 (20 mM Tris-HCl, 50 mM NaCl, and 0.1% Tween 20, pH 7.5) was used for blocking, and the blots were then incubated with primary antibodies followed by HRP-conjugated secondary antibodies. Finally, the blots were visualized using ECL luminescent liquid on a Tanon 5200 Multi FluorChem imaging system (Tanon, Shanghai, China).
Statistical Analysis
Two-tailed unpaired Student's t tests and ANOVAs followed by LSD post hoc tests were used for all statistical comparisons. The data are given as means ± standard error. p < 0.05 was the threshold of significance. 
Results
MKP-5 Expression Is Modulated in Diet-Induced Obese Adipose Tissue
Obesity is closely linked to both dysfunctional adipose tissue and chronic low-grade inflammation [24, 25] . When we assessed MKP-5 expression in murine WAT, we found it to be markedly increased in animals on an HFD (Fig. 1A) . Furthermore, MKP-5 protein levels were elevated in SVCs but not in obese (HFD-fed) WAT adipocytes relative to controls (Fig. 1B) , which indicated that the MKP-5 expressed in SVCs contributed to its elevated levels in WAT. IL-6 and TNF-α levels were upregulated in obese WAT (Fig. 1C) , as was expression of MCP-1, a chemokine which promotes macrophage infiltration (Fig. 1C) . These changes in both MKP-5 and proinflammatory cytokine/chemokine levels indicated a possible role for MKP-5 in obesity-induced inflammation in WAT.
MKP-5 Overexpression Promotes M1-to-M2 Macrophage Polarization
Previous work suggests that adipose tissue macrophages are the key adipose tissue cells secreting proinflammatory molecules [26] . To confirm the relationship between MKP-5 and obesity-induced inflammation, murine Raw264.7 macrophages were treated with PA to trigger inflammation, and the expression levels of classic proinflammatory cytokines and MKP-5 were determined at several time points by quantitative real-time PCR. IL-6, IL-1β, IL-12, and MKP-5 expression levels were upregulated after 3 h ( Fig. 2A) , after which IL-6 expression continued to rise. However, the expression of IL-1β, IL-12, and MKP-5 peaked at 3 h, with lower expression at 6 h ( Fig. 2A) . The covariation of the expression of MKP-5 and proinflammatory cytokines suggested a potential role for MKP-5 in macrophage-mediated inflammatory responses upon PA stimulation. M1 macrophages are generally of a proinflammatory phenotype and promote IR development, while the alternatively activated M2 macrophages play an anti-inflammatory role and are important for the maintenance of WAT metabolic homeostasis [9, 27, 28] .
To study the role of MKP-5 in PA-triggered macrophage inflammation, an MKP-5-overexpressing Raw264.7 cell line was constructed, with increased MKP-5 expression confirmed by quantitative PCR and Western blotting (Fig. 2B) . IL-6, IL-1β, IL-12, TNF-α, and MCP-1 levels were significantly increased upon stimulating these cells with IFN-γ and LPS to promote M1 polarization, whereas the expression levels of these molecules were downregulated in Raw-MKP5 cells relative to Raw-PC cells with or without IFN-γ and LPS stimulation (Fig. 2C ). M2 markers (Arg-1, IL-10, and TGM2) were increased when Raw-PC and Raw-MKP5 cells were exposed to IL-4, used to induce M2 polarization. In contrast to the expression of M1 markers, Arg-1, IL-10, and TGM2 levels in Raw-MKP5 cells were significantly higher than in Raw-PC cells (Fig. 2D) .
Consistent with previous reports [7, 8] , PA promoted the expression of M1 markers in both Raw-PC and Raw-MKP5 cells, but the effect in Raw-MKP5 cells was weaker than that in Raw-PC cells ( Fig. 2E) , consistent with the results under IFN-γ and LPS stimulation (Fig. 2C) . PA could not affect Arg-1 and IL-10 expression in Raw-PC cells, but it clearly inhibited these molecules in Raw-MKP5 cells. Importantly, MKP-5 overexpressed in Raw264.7 cells promoted expression of the M2 markers (Fig. 2F) . It is therefore conceivable that MKP-5 overexpression promotes macrophages to polarize from the M1 to the M2 phenotype.
Reduction of MKP-5 Expression in Macrophages Triggers an M2-to-M1 Macrophage Switch upon PA Stimulation
To further validate that MKP-5 promotes M1 macrophages to polarize to the M2 phenotype, we reduced the expression of MKP-5 by transfecting an MKP-5-specific siRNA (siMKP5) into Raw264.7 cells, leading to decreased mRNA and protein levels of MKP-5 relative to cells transfected with scramble siRNA (siSC) (Fig. 3A, B ). In line with the results from Raw-PC/-MKP5 cells, PA induced M1 marker upregulation, including IL-6, IL-1β, and TNF-α, and elevated expression of these markers was observed after MKP-5 knockdown (Fig. 3C) . Levels of the M2 markers Arg-1 and IL-10 were decreased upon PA stimulation, and knockdown of MKP-5 further inhibited their expression ( Fig. 3D) . In general, MKP-5 silencing in macrophages promoted M1 polarization and exacerbated the PA-induced inflammatory response, providing further evidence for the inhibitory role of MKP-5 in obesity-triggered inflammation. 
MKP-5 Overexpression in SVCs Reduces Obesity-Induced Inflammation
To further determine the importance of MKP-5 in obesity-induced inflammation in SVCs, obese mice were generated via HFD feeding, and SVCs from the WAT of these mice were isolated and infected with Ad-MKP5 or Ad-GFP. The mRNA and protein levels of MKP-5 in these obese SVCs were increased, consistent with the above results, and Ad-MKP5 infection significantly increased the expression of MKP-5 relative to cells infected with Ad-GFP (Fig. 4A,  B ). We first examined MCP-1 and macrophage-specific F4/80 expression in SVCs. Levels of MCP-1 and F4/80 were substantially elevated in obese WAT relative to their levels in lean WAT, while adenovirus-mediated MKP-5 overexpression downregulated this high expression, indicating that MKP-5 overexpression may inhibit obesity-induced macrophage infiltration (Fig. 4C) . Consistent with this, the obesity-triggered increases in mRNA levels of IL-6 and TNF-α were decreased by MKP-5 overexpression in SVCs (Fig. 4C) . In general, while in obesity the synchronous changes in expression of MKP-5 and proinflammatory cytokines contradicted the anti-inflammatory role of MKP-5 identified using Raw264.7 cells, the inhibitory role of MKP-5 in inflammation was further validated in SVCs. 
MKP-5 Modulates P38, JNK, and ERK Activation in Macrophages in Response to PA
To examine whether MKP-5, as a dual-specificity phosphatase known to regulate MAPKs, regulates macrophage inflammation via MAPK pathways, we assayed the activation of P38, JNK, and ERK upon PA exposure. We found that P38 and JNK were activated by PA after 0.5 h, and JNK activation increased in a time-dependent manner, with P38 phosphorylation peaked at 6 h, after which it decreased, whereas ERK activation occurred by 6 h after PA treatment (Fig. 6A) . Importantly, MKP-5 overexpression markedly inhibited P38, JNK, and ERK phosphorylation upon PA treatment (Fig. 6A ). This inhibitory effect was evident until 6 h after PA stimulation (Fig. 6A) . In contrast, basal P38, JNK, and ERK activation was enhanced after MKP-5 silencing, and their activation was clearly increased after PA treatment for 3 h (Fig. 6B) . Thus, P38, JNK, and ERK are substrates of MKP-5 in macrophages, and may therefore function as key mediators of downstream signaling processes.
MKP-5 Regulates PA-Triggered Macrophage Inflammation through the P38, JNK, and ERK MAPK Pathways
Many previous studies have highlighted a clear role for P38, JNK, and ERK in the context of inflammation. To investigate whether MKP-5 regulates inflammation via the P38, JNK, or ERK pathway, we treated Raw264.7 cells with SB 203580, SP 600125, or U0126, inhibiting P38, JNK, and ERK, respectively, after transfection with control or MKP-5-specific siRNA, and the cells were then treated with PA. The phosphorylation of P38, JNK, and ERK was then assessed by Western blotting. All three inhibitors suppressed activation of the corresponding Fig. 6 . MKP-5 overexpression inhibits MAPK pathway activation upon palmitate (PA) stimulation. A Raw-PC and Raw-MKP5 cells were treated using 500 μM PA, and then JNK, P38, and ERK levels were detected by Western blotting. Protein band intensity was quantified using ImageJ, and data are means ± SEM of triplicate experiments normalized to total P38, JNK, or ERK. B siRNA-transfected Raw264.7 cells were treated with 500 μM PA for 3 h, and then levels of JNK, P38, and ERK were assessed by Western blotting. * p < 0.05. Fig. 7 . MKP-5 mediates macrophage inflammation in response to palmitate (PA) by regulating the MAPK pathway. MKP-5 siRNA (siMKP5) or scramble siRNA (siSC) was used to transfect Raw264.7 cells, which were pretreated with SB 203580 (SB), SP 600125 (SP, or U0126 for 1 h, and were then exposed to 500 μM PA for 3 h. 
Discussion
Obesity is a serious threat to human health, with a close association with chronic lowgrade inflammation that contributes to metabolic disorder. Obese adipose tissue typically exhibits dysfunction, showing significant macrophage infiltration. Adipose tissue macrophages are the primary proinflammatory cytokine-producing cells, secreting TNF-α and IL-6 in these contexts [5] . In this study, we observed a higher MKP-5 expression in WAT from HFD mice as compared to that from lean mice, which primarily resulted from increased MKP-5 expression in SVCs. Proinflammatory cytokine expression varied in a manner consistent with variations in MKP-5 expression. Therefore, we speculated that MKP-5 might be associated with obesity-induced adipose tissue inflammation, which we ultimately found to be true in vitro and to some extent in vivo. MKP-5 overexpression in macrophages was associated with upregulation of M2 markers and inhibition of M1 marker expression in M1 or M2 polarizing conditions, which indicated a potential role for MKP-5 in promoting M1-to-M2 macrophage cross-polarization. MKP-5 overexpression in Raw264.7 cells also improved the inflammation triggered by PA, as confirmed in MKP-5-overexpressing or -knockdown Raw264.7 cells. These results suggested an inhibitory role for MKP-5 in PA-induced inflammation in vitro. The obesity-induced expression of inflammatory cytokines in SVCs from HFD mice was also suppressed by an adenovirus expressing MKP-5, further confirming that MKP-5 overexpression in SVCs could relieve inflammation in obese adipose tissue. Increasing MKP-5 expression may be a stress response to PA or obesity, aimed at terminating the inflammatory response, although more research is needed on this topic.
In obesity, adipocytes regulate the secretion of IL-6 and TNF-α, as well as of the chemokine MCP-1, to mediate low-grade inflammation. These proinflammatory cytokines stimulate macrophage activation and adipose infiltration [30] . Adipocyte hypertrophy and localized hypoxia further contribute to macrophage recruitment [4] . Therefore, adipocyte-macrophage interactions are crucial to adipose tissue inflammation in response to obesity. Interactions between adipocytes and macrophages are reported to result in IL-6 and MCP-1 secretion [31] . Adipocytes produce FFAs to stimulate macrophage TNF-α secretion, which in turn increases lipolysis and the release of FFAs from adipocytes [12] . Interestingly, TNF-α may increase the expression of MCP-1 via the same paracrine signaling, in turn driving macrophage infiltration [32] . As we found, MKP-5 overexpression in mouse macrophages inhibited the expression of IL-6 and MCP-1, and further suppressed IL-6, MCP-1, and TNF-α secretion upon adipocytemacrophage coculture. Adipocyte-CM induced a high expression of IL-6 and TNF-α in macrophages, and this was also suppressed by MKP-5. Therefore, MKP-5 overexpression in macrophages can improve the inflammatory response triggered by adipocyte-macrophage crosstalk, further confirming the critical role of MKP-5 in obesity-induced adipose tissue inflammation.
As a negative regulator of MAPKs, MKP-5 is known to regulate inflammation by mediating inactivation of the MAPKs P38, JNK, and ERK. Most of the previous studies suggested that MKP-5 can inactivate P38 and JNK but not ERK [33] , and that MKP-5 preferentially targets P38 and JNK as substrates rather than ERK in vitro [34] , although one study suggested that MKP substrate specificities in vivo may differ from their in vitro specificities [35] . Interestingly, we found that MKP-5 was able to inactivate P38, JNK, and ERK, especially in a highly active state upon PA stimulation, indicating that ERK was also an MKP-5 substrate, in addition to P38 and JNK, in Raw264.7 cells. Furthermore, inhibitors of P38, JNK, and ERK can decrease the elevated expression of inflammatory mediators triggered by MKP-5 knockdown regardless of the PA stimulation status, which suggests that MPK5 regulates inflammation via the P38, JNK, and ERK MAPK pathways.
In summary, MKP-5 is an inflammatory inhibitor involved in obesity-induced adipose tissue inflammation and PA-triggered macrophage inflammation. We found that MKP-5
